Introduction
============

Systemic lupus erythematosus was a severe multisystemic autoimmune disease characterized by the loss of tolerance to autoantigens along with the production of antinuclear antibodies. Autoantibodies produced by autoreactive B cells leaded to the formation and deposition of immune complexes in most tissues of the body ([@B30]). The etiology of SLE had been related to genetic, environmental, hormonal, and immunological factors ([@B36]). Recently, a strong relationship between the gut microbiota and SLE had been demonstrated in SLE patients ([@B14]; [@B13]) and lupus mice ([@B39]; [@B21]). Furthermore, there was evidence that the gut microbiota played an important role in the regulation of anti-nuclear antibodies, TLR2/IL-17, IFN-γ, TLR4, Th17/IgM, etc. ([@B26]). Therefore, the gut microbiota could affect the progression of SLE.

Glucocorticoids were the most effective anti-inflammatory immunosuppressant and the cornerstone for the treatment of SLE. Physiological and pharmacological levels of GCs could protect intestinal mucosa from chemical substances, enzyme, and microbial damage through promoting the synthesis and secretion of mucins ([@B11]; [@B20]). Increasing evidences had shown that some signaling pathways related to GCs were due to their effects on gut microbiota ([@B4]; [@B38]). Hence, GCs might regulate physiological effects through gut microbiota. In addition, gut microbiota could transform GCs ([@B29]; [@B24]) and regulate host's behaviors through glucocorticoid receptor pathway genes ([@B22]). Thus, gut microbiota might effectively influence SLE treatment with GCs.

Quorum sensing, the ability to communicate and regulate group behavior among the members of the gut microbiota ([@B37]), could shape the composition of gut microbiota. Increasing evidence revealed that QS dominated critical physiological processes in the intestine and affected the virulence processes of invading pathogens ([@B35]; [@B18]). Multiple quorum-sensing signals were species-specific; however, autoinducer-2 (AI-2) signal was common throughout the bacterial kingdom ([@B27]). It had been proved that AI-2 could affect invasive pathogens ([@B16]) and regulate the abundance of the major species in the intestines ([@B35]). Overall, inhibiting AI-2 signals was an effective way to regulate gut microbiota compositions in the intestine.

Bromofuranone, a well-known inhibitor of AI-2 quorum sensing ([@B34]), was used to regulate gut microbiota in MRL/lpr mice. The purpose of this study was to demonstrate the effects of bromofuranone on the efficacy of GCs for SLE.

Materials and Methods {#s1}
=====================

Mice
----

MRL/lpr mice (8 weeks old) were purchased from Shanghai SLAC Laboratory Animal Co., Ltd., and maintained in the specific-pathogen-free environment of Zhejiang Chinese Medical University laboratory animal research center. After 7 days of adaptive feeding, the MRL/lpr mice were randomly divided into four groups (five per group): PT (oral gavage with 5 mg prednisone/kg of body per day), BT (oral gavage with 2 mg bromofuranone/kg of body per day), PBT (oral gavage with 5 mg prednisone and 2 mg bromofuranone/kg of body per day), and MT (oral gavage with sterile water per day). All mice were housed under a 12 h/12 h light/dark cycle and constant temperature (25 ± 1°C) and humidity (50 ± 5%) with food and water available *ad libitum*. Both prednisone (purity ≥ 99.0%, Sigma-Aldrich, United States) and bromofuranone (purity ≥ 97.0%, Sigma-Aldrich, United States) were administered from 9 to 14 weeks of age. Mice were weighed twice weekly, and the drug doses were adjusted accordingly. All animal experiments were performed according to the requirements of the Institutional Animal Care and Use Committee of China.

After the 5-week treatment, samples were collected at 12 h after the last drug administration. Blood was obtained from the eye socket vein in each mouse and centrifuged at 1300 *g* for 10 min at 4°C for serum. The fecal material was removed from the colon and stored at -80°C for further analysis and kidneys were stored in paraformaldehyde solution or directly stored at -80°C.

Evaluation of Lupus Activity in MRL/lpr Mice
--------------------------------------------

In this study, the lupus activity is determined by serum indexes and kidney pathology defined by hematoxylin-eosin (HE) staining. Serum Cr and BUN were measured based on an enzymatic-colorimetric method by using standard test kits on TBA-40FR automatic biochemical analyzer (Toshiba Medical Sys-terms Co., Ltd., Tokyo, Japan). The serum titer of anti-dsDNA autoantibodies and IFN-α were respectively measured by using mouse anti-dsDNA ELISA Kit (Shibayagi Co., Ltd, Japan) and mouse IFN alpha ELISA Kit (Invitrogen by Thermo Fisher Scientific) according to the manufacturers' instructions.

Detection of AI-2 Activity
--------------------------

AI-2 signals in the MRL/lpr mice stool were extracted as previously described ([@B35]). Stool samples were homogenized at the concentration of 10% (weight/volume) in 0.1 M MOPS (C~7~H~15~NO~4~S 14.95 g/L, NaOH 1.14 g/L). The homogenized samples were centrifuged and filtered, and then an equal volume of methanol was added to precipitate remaining debris. The supernatants were vacuum-dried, resuspended in sterile water at the concentration of (50% weight/volume), and analyzed by bioassay.

AI-2 activity was measured using the *Vibrio harveyi* AI-2 reporter strain B170 as previously described ([@B1]). The reporter strain B170 diluted at a ratio of 1:5000 with fresh medium and cultured for 12 h at 30°C in AB medium, and 100 μl of the diluted cells were then added to microtiter wells containing 100 μl of different substances before the test of AI-2 activity. The microtiter plates were shaken at 140 rpm at 30°C in a rotary shaker for 12 h followed by light production measured by fluorescence microplate reader. The induction of luminescence by each tested supernatant was determined by the relative change to that of the negative control of sterile AB medium instead of culture supernatant.

DNA Extraction, 16S rRNA Gene Amplification and Sequencing
----------------------------------------------------------

Total DNA was extracted from stool samples of 20 mice using the QIAamp^®^DNA Stool Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer's protocols. DNA extracts were determined by agarose gel electrophoresis (1% w/v agarose) and quantified using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific).

The V3-V4 region of the 16S rRNA gene was amplified by PCR using a 30 μl mixture containing 0.5 μl of DMSO, 1.0 μl of 319F (10 mM), 1.0 μl of 806R (10 mM), 5.0 μl of the DNA sample, 7.5 μl of ddH~2~O, and 15.0 μl of Phusion High-Fidelity PCR Master Mix with HF Buffer (NEB) ([@B13]). The reactions were hot-started at 98°C for 30 s, followed by 30 cycles of 98°C for 15 s, 58°C for 15 s, and 72°C for 15 s, with a final extension step at 72°C for 1 min. Subsequently, the amplicons were purified according to standard procedures, quantified, pooled and sequenced with the MiSeq Reagent Kits v3 (600 cycles, Illumina) according to the manufacturer's instructions with 20% OhiX (Illumina). The sequencing reaction was conducted by Hangzhou Guhe Information and Technology Co., Ltd., Zhejiang, China.

Data Analysis and Bioinformatics
--------------------------------

After sequencing, generated FASTQ data of 20 mice were prepared for analysis using Quantitative Insights Into Microbial Ecology (QIIME, version 1.9) ([@B8]). Clean reads were extracted from the raw paired-end reads according to the following criteria: (i) reads were truncated at any site receiving an average quality score of \<20 bp over a 50-bp sliding window, and truncated reads shorter than 50 bp were discarded; (ii) exact barcode matching, two nucleotide mismatch in primer matching, and reads containing ambiguous characters were removed; (iii) only sequences that overlapped for more than 20 bp were merged according to their overlap sequence, reads that could not be merged were discarded.

Clean reads were clustered into the 16S rRNA Operational Taxonomic Units (OTUs) with a 97% similarity cutoff using UCLUST ([@B12]). Taxonomic assignment was performed using the SILVA database ([@B28]), and the necessary sequences were blasted in the NCBI database for further classification ([@B31]). The OTUs with less than 0.005% sequences of the total number of reads, or present in one sample, were filtered out. The statistical comparisons of alpha-diversity metrics were performed using the R programme package "Vegan." The calculated beta-diversity metrics (unweighted UniFrac) were compared using the nonparametric ANOSIM measure. Principal coordinate analyses based on the beta-diversity metrics were conducted using the R package. The specific characterization of the gut microbiota was analyzed using the linear discriminant analysis (LDA) effect size (LEfSe) method^[1](#fn01){ref-type="fn"}^ ([@B33]). LEfSe by the Kruskal--Wallis test was carried out to determine the features of significantly different abundances among the treated groups and the effect size of each feature was accessed by LDA. All features identified by LEfSe exceeded an LDA score of 2.0, which indicates a significant difference between the two groups. *T*-test (soft GraphPad Prism 5) was conducted to verify the significantly different genera (LDA \> 2.0 and relative abundance \> 0.1%) between two groups based on the LEfSe results. Additionally, Spearman's rank correlation was conducted between the indexes of lupus activity and altered microbial genera that were found to be significantly different between groups in 20 mice.

Differences in diversity indexes and serum indexes among multiple groups were analyzed using the Mann-Whitney nonparametric test by software SPSS 16.0 in 20 mice. Following statistical analyses with multiple comparisons, *p*-Values were adjusted using the Benjamini-Hochberg method to correct the false discovery rate (FDR).

Results
=======

Lupus Activity in MRL/lpr Mice
------------------------------

Like SLE patients, lupus activity of MRL/lpr mice could be associated with the four indexes shown in [Figure 1](#F1){ref-type="fig"}. Compared with the model MRL/lpr mice, serum titer of BUN, anti-dsDNA and IFN-α were significantly reduced in prednisone-treated and combined drugs-treated mice ([Figure 1B--D](#F1){ref-type="fig"}). Serum Cr concentration was significantly reduced by combination use of prednisone and bromofuranone but not by prednisone alone ([Figure 1A](#F1){ref-type="fig"}). However, no significant difference was observed between MT and BT groups. Renal pathology indicated that mice of MT group developed the most severe lupus activity among the four groups ([Supplementary Figure S1](#SM1){ref-type="supplementary-material"}).

![Serum creatinine **(A)**, uric acid nitrogen **(B)**, anti-dsDNA **(C)**, and INF-α **(D)** levels of MRL/lpr mice of four groups. MT, the model group; PT, the prednisone-treated group; BT, the bromofuranone-treated group; PBT, the combined drugs-treated group. "^∗^": represents the adjusted *p*-Value \< 0.05 between two groups; "^∗∗^": represents the adjusted *p*-Value \< 0.01 between two groups.](fmicb-10-00978-g001){#F1}

To further reveal the effect of combination therapy, this study also made a comparison among PT, BT, and PBT groups. Notably, compared with prednisone-treated and bromofuranone-treated mice, serum titer of Cr, anti-dsDNA autoantibodies and INF-α were significantly reduced in the combination-treated mice ([Figure 1A,C,D](#F1){ref-type="fig"}).

In summary, bromofuranone had no effect on relieving lupus activity but could promote the treatment efficacy of prednisone.

Diversity of Gut Microbiota in MRL/lpr Mice
-------------------------------------------

To assess the overall difference of microbial compositions among the four groups, measurement of alpha- and beta- diversity was calculated. As shown in [Figure 2A,B](#F2){ref-type="fig"}, Shannon and Simpson, the common alpha-diversity measurements of richness and evenness, were compared among groups. Only bromofuranone caused a significant increase in Shannon and Simpson in MRL/lpr mice, but neither prednisone nor the combined drugs had a noteworthy effect. In addition, there was a significant difference in alpha-diversity of the gut microbiota between bromofuranone-treated mice and combined drugs-treated mice ([Figure 2A,B](#F2){ref-type="fig"}).

![Alpha diversity indexes \[Shannon **(A)**; Simpson **(B)**\], beta diversity \[PCoA score plots **(C)**; unweighted UniFrac distance **(D)**\] and identified major phylum **(E)** and genus **(F)** in MRL/lpr mice of four groups. MT, the model group; PT, the prednisone-treated group; BT, the bromofuranone-treated group; PBT, the combined drugs-treated group. "^∗^": represents the adjusted *p*-Value \< 0.05 between two groups; "^∗∗^": represents the adjusted *p*-Value \< 0.01 between two groups.](fmicb-10-00978-g002){#F2}

The beta-diversity was evaluated using unweighted UniFrac metric in the four groups. A scatter plot based on PCoA scores showed a clear separation of the community composition among the four groups ([Figure 2C](#F2){ref-type="fig"}). PC1 and PC2 explained 38.03 and 14.29% of the total variance of microbial species, respectively. [Figure 2D](#F2){ref-type="fig"} shows the unweighted UniFrac distance values between the two groups. The greatest intergroup distance value was observed between MT and PBT groups (value = 0.51) ([Figure 2D](#F2){ref-type="fig"}) and all intragroup distance values were lower than the intergroup distance values, indicating good repeatability.

At the phylum level, *Bacteroidetes* appeared to be the most abundant in all four groups, followed by *Firmicutes*, *Proteobacteria*, and *Actinobacteria* ([Figure 2E](#F2){ref-type="fig"}). MT had the lowest percentage of *Bacteroidetes* and *Firmicutes* (79.5%) and PT had the most significant proportion of *Bacteroidetes* and *Firmicutes* (91.5%). At the genus level, the top ten genera in abundance were *Bifidobacterium*, *Adlercreutzia*, *Odoribacter*, *Bacteroides*, *Allobaculum*, *Turicibacter*, *Oscillospira*, *Lactobacillus*, *Ruminococcus*, and *Desulfovibrio*. The total percentage of top ten genera were 17.4, 16.7, 17.2, and 20.9% in MT, PT, BT, and PBT groups, respectively ([Figure 2F](#F2){ref-type="fig"}).

Compared with MT, gut microbiota in the three groups all changed, but with the inconsistent tendency. Notably, bromofuranone significantly increased the diversity of gut microbiota.

Alterations in Microbial Genera Associated With Prednisone
----------------------------------------------------------

To investigate the prednisone-associated alterations of gut microbiota, two comparisons (MT vs. PT and BT vs. PBT) were performed using the LEfSe analysis. Compared with MT group, 33 bacterial taxa in total were significantly altered in the PT group ([Supplementary Figure S2A](#SM1){ref-type="supplementary-material"}). At the phylum level, prednisone caused a significant decrease in Proteobacteria and Deferribacteres ([Supplementary Figure S2A](#SM1){ref-type="supplementary-material"}). To clearly illustrate the main alterations associated with prednisone, [Figure 3](#F3){ref-type="fig"} showed the significantly altered genera (*p* \< 0.05, *t*-test) with relative abundance \> 0.1%. Prednisone caused the significant increase in *Prevotella* (from 0.40 to 1.30%, *p* = 0.009) and *Anaerostipes* (from 0.04 to 0.20%, *p* = 0.015) and decrease in *Rikenella* (from 0.51 to 0.0%, *p* \< 0.001), *Mucispirillum* (from 0.60 to 0.10%, *p* = 0.045), *Oscillospira* (from 5.00 to 1.90%, *p* = 0.039) and *Bilophila* (from 0.60 to 0.13%, *p* = 0.043) ([Figure 3](#F3){ref-type="fig"}).

![Significantly altered genera are associated with prednisone. MT, the model group; PT, the prednisone-treated group; BT, the bromofuranone-treated group; PBT, the combined drugs-treated group. "^∗^": represents the adjusted *p*-Value \< 0.05 between two groups; "^∗∗^": represents the adjusted *p*-Value \< 0.01 between two groups; "ns": represents the adjusted *p*-Value \> 0.05 between two groups.](fmicb-10-00978-g003){#F3}

Prednisone was the only variable in comparison of the BT and PBT groups. Compared with the BT group, 21 bacterial taxa were significantly altered in the PBT group ([Supplementary Figure S2B](#SM1){ref-type="supplementary-material"}). The significantly altered genera between the BT and PBT groups were *Allobaculum* (0.70% in BT and 3.10% in PBT, *p* = 0.009), *Staphylococcus* (2.00% in BT and 0.13% in PBT, *p* = 0.018) and *Mucispirillum* (0.59% in BT and 0.00% in PBT, *p* = 0.018) ([Figure 3](#F3){ref-type="fig"}).

Results above indicated that the effect of prednisone on gut microbiota varied in the presence of bromofuranone. Regardless of the presence or absence of bromofuranone, *Mucispirillum* is the only microbial genus that was reduced by prednisone.

Alterations in Microbial Genera Associated With Bromofuranone
-------------------------------------------------------------

As an inhibitor of the AI-2/LuxS quorum sensing system, bromofuranone could significantly reduce the abundance of the AI-2 signal in MRL/lpr mice ([Supplementary Figure S3](#SM1){ref-type="supplementary-material"}). Simultaneously, bromofuranone cause a decrease in *Rikenella* (from 0.49 to 0.0%, *p* \< 0.001) and the increase in *Anaerostipes* (from 0.03 to 0.12%, *p* = 0.039), *Jeotgalicoccus* (from 0.0 to 0.37%, *p* \< 0.001), *Staphylococcus* (from 0.08 to 2.03%, *p* = 0.017), and *Lactobacillus* (from 0.49 to 1.54%, *p* = 0.006) ([Figure 4](#F4){ref-type="fig"} and [Supplementary Figure S4](#SM1){ref-type="supplementary-material"}). Furthermore, the effect of bromofuranone on the gut microbiota was altered in presence of prednisone. Only two genera, *Prevotella* (1.26% in PT and 0.59% in PBT, *p* = 0.032) and *Mucispirillum* (0.10% in PT and 0.01% in PBT, *p* = 0.048), were significantly different between the PT and PBT groups ([Figure 4](#F4){ref-type="fig"} and [Supplementary Figure S4](#SM1){ref-type="supplementary-material"}).

![Significantly altered genera are associated with bromofuranone. MT, the model group; PT, the prednisone-treated group; BT, the bromofuranone-treated group; PBT, the combined drugs-treated group. "^∗^": represents the adjusted *p*-Value \< 0.05 between two groups; "^∗∗^": represents the adjusted *p*-Value \< 0.01 between two groups; "ns": represents the adjusted *p*-Value \> 0.05 between two groups.](fmicb-10-00978-g004){#F4}

Alterations in Microbial Genera Between the Combination and Model Groups
------------------------------------------------------------------------

As discussed above in [Figure 1](#F1){ref-type="fig"}, combined drugs showed the best therapeutic effect in MRL/lpr mice, so that it was necessary to reveal the different microbial genera between the PBT and MT groups ([Supplementary Figure S5](#SM1){ref-type="supplementary-material"}). As shown in [Figure 5](#F5){ref-type="fig"}, 10 genera with relative abundance \> 0.10% were significantly different between the two groups. The combined use of the two drugs caused the decrease in *Rikenella* (from 0.51 to 0.0%, *p* = 0.007), *Odoribacter* (from 4.54% to 1.50%, *p* = 0.040), *Mucispirillum* (from 0.53 to 0.0%, *p* \< 0.001), *Oscillospira* (from 5.00 to 1.78%, *p* = 0.046), and *Bilophila* (from 0.60 to 0.05%, *p* = 0.036), meanwhile the increase in *Adlercreutzia* (from 1.24 to 3.21%, *p* = 0.026), *Lactobacillus* (from 0.49 to 3.71%, *p* = 0.026), *Anaerostipes* (from 0.03 to 0.11%, *p* = 0.038), *Allobaculum* (from 1.26 to 3.07%, *p* = 0.037), and *Sutterella* (from 0.24 to 0.71%, *p* = 0.001) ([Figure 5](#F5){ref-type="fig"}).

![Significantly different genera between MT and PBT groups in MRL/lpr mice. MT, the model group; PBT, the combined drugs-treated group. "^∗^": represents the adjusted *p*-Value \< 0.05 between two groups; "^∗∗^": represents the adjusted *p*-Value \< 0.01 between two groups.](fmicb-10-00978-g005){#F5}

Correlations of Significantly Altered Genera and Lupus Activity Index
---------------------------------------------------------------------

To further understand the association between microbial genera and lupus activity, Spearman's rank correlation method was used to explain the correlations of 13 significantly altered genera and lupus activity. As shown in [Figure 6](#F6){ref-type="fig"}, statistically significant positive correlations between microbial genera and lupus activity were identified. Remarkably, all four lupus activity indexes were positively correlated with *Mucispirillum.* There were, as well, statistically significant positive correlations among the following factors: BUN and anti-dsDNA and *Oscillospira*; *Rikenella* and anti-dsDNA; *Staphylococcus* and Cr; and BUN and anti-dsDNA and *Bilophila* ([Figure 6](#F6){ref-type="fig"}). Additionally, this study also identified statistically significant negative correlations between the following: *Lactobacillus* and three lupus activity indexes (Cr, BUN and anti-dsDNA); *Sutterella* and three lupus activity indexes (BUN, anti-dsDNA and IFN-α); BUN and anti-dsDNA and *Anaerostipes*; BUN and *Adlercreutzia*; and Cr and *Allobaculum* ([Figure 6](#F6){ref-type="fig"}).

![Spearman's correlation between the relative abundance of altered microbial genera and the indexes of lupus activity in MRL/lpr mice. The data are shown as heatmaps, with the color of each correlation test corresponding to the Spearman rho value: "^∗^" represents *p* \< 0.05; "^∗∗^" represents *p* \< 0.01.](fmicb-10-00978-g006){#F6}

Discussion
==========

In recent years, the roles of the gut microbiota in SLE had become increasingly apparent and studies had indicated that the changing of gut microbiota could affect lupus activity ([@B10]; [@B25]). In this study, the regulation of gut microbiota by bromofuranone did not influence lupus activity but could promote the efficacy of prednisone in mice.

Glucocorticoids suppress immunity and inflammation by regulating the GCs receptor ([@B6]) and gut microbiota ([@B17]). In MRL/lpr mice, the alterations of gut microbiota were closely related to the efficacy of prednisone. *Mucispirillum*, which was downregulated by prednisone in MRL/lpr mice, could degrade colonic mucin in intestines ([@B5]). It was reported that dexamethasone could also lead to the depletion of *Mucispirillum* in mice with inflammatory bowel diseases ([@B17]). Additionally, *Mucispirillum* was positively related to the lupus activity in MRL/lpr mice and the abundance of *Mucispirillum* could be an indicator of collagen induced-arthritis ([@B2]). In the prednisone-treated lupus mice, *Anaerostipes* and *Mucispirillum* conversely related with lupus activity. During the progression of lupus in NZB/W F1 model, *Anaerostipes* was also negatively correlated with lupus activity (Luo X. M. et al., 2018a). *Anaerostipes* maintained gut health by producing butyrate, which was the primary source of bacterial energy ([@B3]). Moreover, the decreased abundance of *Anaerostipes* was associated with multiple sclerosis ([@B9]). Like the above two genera, prednisone also significantly altered three other genera which were significantly associated with lupus activity. The positive correlations between *Oscillospira*, *Bilophila*, *Rikenella*, and lupus activity was in accordance with a prior study where three genera showed significant increases from the predisease stage to the diseased stage in lupus mice ([@B21]). In summary, the prednisone-associated alterations in gut microbiota were associated with lupus activity.

With the addition of bromofuranone, the therapeutic efficacy of prednisone was further promoted in MRL/lpr mice. The prednisone-induced alterations in gut microbiota were also found in the MRL/lpr mice treated with combination therapy. Meanwhile, the combined use of bromofuranone and prednisone induced the other alterations in *Lactobacillus*, *Allobaculum*, *Sutterella*, and *Adlercreutzia*, which were not induced by prednisone alone. It was reported that *Lactobacillus* was beneficial to relieve lupus activity ([@B25]) by suppressing proinflammatory responses and increasing the number of inducible regulatory T cells ([@B23]; [@B19]). Moreover, three other specifically altered genera, *Allobaculum*, *Sutterella*, and *Adlercreutzia*, were negatively correlated with lupus activity and were all reported to be capable of immunoregulatory in intestines ([@B15]; [@B7]; [@B32]). The alterations in *Lactobacillus*, *Allobaculum*, *Sutterella*, and *Adlercreutzia* might be associated with the promotability of bromofuranone on the efficacy of prednisone.

Overall, this research demonstrated that the gut microbiota was one of the targets of prednisone for SLE, and inhibiting the AI-2 quorum sensing of gut microbiota by bromofuranone could impact the efficacy of prednisone. This is the first study linking glucocorticoid efficacy with the alterations in gut microbiota during the treatment of SLE. Although further investigation is needed to fully characterize the roles of the significantly altered genera and determine whether QS systems of the gut microbiota is the target of GCs, this study provides an essential step in studying the interaction between gut microbiota and GCs.
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